Residential segregation is defined in a variety of ways to address a common concern: to what extent do social groups reside in separate or distinct places. The spatial pattern of segregation varies widely across cities, and distinct spatial patterns can be generated by different mechanisms and have different consequences for residents and their communities. However, the methods commonly employed to measure segregation ignore how a city is spatially organized. They do not take into account the spatial context of segregation patterns, including 1) the spatial arrangement of residential locations and neighborhoods, and 2) the physical connectivity or spatial boundaries between them. I have developed a new method that overcomes the limitations of conventional approaches and enables a closer examination of how individuals' residential contexts are shaped by their spatial environment. I demonstrate the contribution of my method using a series of stylized cities that represent patterns of racial segregation observed in U.S. cities, such as Detroit. The results reveal distinct spatial patterns of segregation for cities that conventional approaches measure as having the same level of segregation. It offers the first quantitative method for systematically studying how spatial boundaries structure patterns of residential segregation within and across cities. Better measurement is critical for advancing our understanding of segregation patterns and processes, and explaining how and why segregation matters for individual and community outcomes. My new approach bridges qualitative insight on the spatial context of segregation with the quantitative measurement of segregation for city populations.
Introduction
Residential segregation is defined in a variety of ways to address a common concern: to what extent do social groups reside in separate or distinct places. Over the last century, scholars have generated a cumulative body of knowledge on the prevalence, process, and consequences of residential segregation.
1 Numerous studies have shown that where a person lives is consequential for a wide variety of life course outcomes related to education, health, employment, crime, and poverty, and have established residential segregation as a key mechanism of social stratification.
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Studies operationalize the concept of segregation in terms of the diversity or homogeneity of residential populations, or the distribution of social groups across residential environments. The former allows us to better understand the role of intense residential isolation in perpetuating or promoting social stratification. The later allows us to examine the extent to which residential environments are a microcosm of a region's population, and how spatial differentiation structures the opportunities and outcomes of individuals.
The spatial pattern of segregation can vary widely across cities. For example, St. Louis, MO, has a historical north-south racial divide along Delmar Boulevard, which separates white and black residents. In contrast, Cincinnati, OH, has a patchwork of racial enclaves throughout the city. Distinct spatial patterns of segregation may be generated by different mechanisms and have different consequences in the lives of residents and their communities. However, the methods commonly employed to measure segregation ignore how a city is spatially organized. They do not take into account the spatial context of segregation patterns, including 1) the spatial arrangement of residential locations and neighborhoods, and 2) the physical connectivity or spatial boundaries between them.
Ignoring the spatial arrangement of neighborhoods leads many studies find the same level of segregation whether a city has a patchwork of racial or socioeconomic enclaves, like Cincinnati, or is divided into large areas with little or no diversity, like St. Louis. Further, current approaches can not detect the way that physical boundaries -such as rivers, highways, parks, and train tracks -facilitate separation between nearby populations and structure the spatial pattern of segregation. There are prominent examples of physical boundaries that have created or reinforced racial and ethnic separation, such as the construction of the Dan Ryan Expressway through Chicago's South Side in the 1960's, which separated the white and black residents on either side of the highway.
Spatial boundaries can create both physical and social distance between groups, as exemplified by the common metaphor, "the other side of the tracks." In some cities, municipal boundaries occupy this dual role of marking a distinct geographic and social space. For example, in Detroit, MI, there is a stark difference between the population composition of the city and the surrounding areas. Along the north edge of the city, 8 Mile Road is a sharp dividing line between the city and its suburbs. In contrast, the north-south racial divide in St. Louis persists across the city's boundary.
Qualitative studies have described how spatial boundaries shape the experience of discrimination, the emergence community identity, and the process of neighborhood change (Anderson 1990 (Anderson , 1999 Deener 2010; Jacobs 1961; Papachristos 2009; Papachristos, Hureau, and Braga 2013; Pattillo 2003 Pattillo , 2007 Rae 2003; Suttles 1968; Zorbaugh 1929) . Despite evidence that a city's spatial organization affects the local experience and consequences of segregation, common methods of measuring segregation fail to capture this key dimension of the phenomenon. I advance existing scholarship by developing a new method for studying the spatial context of residential segregation. My approach offers a new perspective by examining how a city's topography shapes residents' local environments. I evaluate the extent to which social groups reside in separate or distinct places by measuring the difference between the city's overall population composition and the composition of residents' local environments. Each resident's local environment includes their location as well as other nearby locations. I compare how segregation changes when immediate or more distant neighbors are included in each location's local environment. I measure the distance between locations along the city's road network to realistically represent the physical connectivity and boundaries between locations.
I demonstrate the contribution of my new method using a series of stylized cities that represent patterns of segregation observed in U.S. cities, such as Detroit. I measure segregation using a variety of approaches and compare the results. My approach reveals distinct spatial patterns of segregation in cities that conventional approaches find to have the same level of segregation. It also allows me to investigate the salience of municipal boundaries, and by incorporating a realistic measure of distance, it unmasks the way that physical boundaries structure local patterns of segregation. Moreover, it enables a closer examination of how individuals' residential contexts are shaped by their spatial environment.
In the first section of the paper, I discuss common methods for measuring residential segregation and their limitations. I describe recent approaches designed to overcome such limitations, and conclude the section by identifying unresolved problems with the existing methods. In the following sections I outline my proposed approach, and I compare segregation results for stylized cities using a variety of methods. The paper concludes with a discussion of the findings and what we can learn about the spatial context of residential segregation using my new approach.
Measuring Residential Segregation
In this section, I describe four existing approaches for measuring segregation: using summary indexes, comparing nested levels of geography, identifying spatial neighbors, and combining approaches in an integrated spatial approach. I discuss the limitations of each approach and summarize the solutions that have been proposed.
A Battery of Indexes
Scholars have engaged in a longstanding debate about how best to measure residential segregation (for a brief history, see Reardon and Firebaugh 2002) . Scores of segregation indexes had been developed by the mid-20th century. Duncan and Duncan (1955) tamed the methodological chaos by reviewing the indexes, including their mathematical relationships, properties, and limitations, and consolidating similar indices. The index of dissimilarity came into widespread use in this period and remains the most popular measure of segregation.
There was another period of index proliferation in the 1980's, and scholars were again engaged in a debate over their relative merits -a period called the "index wars" (see reviews by James and Taeuber 1985; Stearns and Logan 1986; White 1986 ). Massey and Denton (1988) proposed measuring segregation along five conceptually distinct dimensions of geographic variation -evenness, exposure, concentration, centralization, and clustering.
"Evenness is the degree to which groups are distributed proportionately across areal units in a city. Exposure is the extent to which members of different groups share common residential areas within a city. Concentration refers to the degree of a group's agglomeration in urban space. Centralization is the extent to which group members reside toward the center of an urban area; and clustering measures the degree to which minority areas are located adjacent to one another." (Massey and Denton 1988 p.309-10) They argued that these dimensions capture the distributional characteristics of spatial segregation, and recommended the best summary index to measure each dimension. High segregation across five dimensions is a state they called hypersegregation Denton 1989, 1993) . They advocated for the use of the dissimilarity index as the lingua franca of segregation measurement, arguing that it is simple to compute and interpret and highly correlated with other measures. More than 25 years later, their approach of using one or more of the five summary indexes, along with population data from the Census Bureau, remains the most popular method for measuring residential segregation.
Although the dissimilarity index and other summary indexes allow researchers to describe certain distributional characteristics of residential segregation, they ignore the spatial relationships and structured patterns that we intuitively recognize as segregation. The summary indexes are "aspatial" -they do not integrate the fundamentally spatial concepts of proximity and geographic scale into the measurement of segregation. Spatial proximity concerns where areas are located relative to one another, such as how neighborhoods are spatially arranged in a city. Geographic scale concerns the relative size of segregated clusters or the geographic extent of segregation patterns.
The shortcomings of conventional approaches are summarized by two well documented methodological problems -the "Checkerboard Problem" and the Modifiable Areal Unit Problem. Although these problems are widely recognized, proposed solutions have been largely dismissed in favor of convention. If not addressed, these problems obscure important features of segregation and lead to biased comparisons of segregation across cities.
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The "Checkerboard Problem" (Duncan and Duncan 1955; Taeuber and Taeuber 1965; White 1983) describes the failure of aspatial approaches to account for the arrangement or relative position of spatial units. If we imagine the squares on a checkerboard to be neighborhoods with a given composition, there are many possible ways the neighborhoods can be arranged to create different spatial patterns of segregation. But, if we do not take into account where they are located relative to one another, any arrangement of the neighborhoods would result in the same segregation score. For example, Fig. 1a illustrates the arrangement of neighborhoods in a checkerboard pattern, with the color of each square indicting which of two groups resides in the neighborhood. Figure (1b) shows the rearrangement of the same neighborhoods into two large clusters. Measured aspatially, the two patterns have the same level of segregation.
[ Fig. 1 
about here.]
Aspatial approaches are unable to distinguish the geographic scale of segregation patterns, such as the micro-scale pattern in Fig. 1a and the macro-scale pattern in Fig. 1b . Micro-scale segregation takes the form of small racial or socioeconomic enclaves. In contrast, high macro-scale segregation is defined by large, racially or socioeconomically homogenous areas. As White (1983) explains, "A city in which all the nonwhite parcels were concentrated into one single ghetto would have the same calculated segregation as a city with dispersed pockets of minority residents" (pp.1010-1011).
The Modifiable Areal Unit Problem (MAUP) occurs when changing the way individual locations are aggregated into larger geographic units produces different results (Fotheringham and Wong 1991; Openshaw 1984; Openshaw and Taylor 1979) . MAUP involves the interrelated problems of aggregation and zoning. The aggregation problem concerns the number and size of spatial units used in the analysis. The zoning problem concerns how or where the boundaries of spatial units are drawn and results in "edge effects". Drawing the boundaries in a particular way can cause the composition of adjacent units to differ sharply. For example, gerrymandering the boundaries of electoral districts so that a majority of constituents are affiliated with a particular party can cause the composition of adjacent districts to differ sharply. Drawing a boundary in one way versus another can produce different results, even if the number and size of units remains the same.
As a consequence of MAUP, segregation that occurs among small spatial units will be misrepresented as integration if the smaller units are aggregated into one larger unit. This is problematic if the size or boundary of the larger unit is arbitrary, rather than being a socially meaningful geographic entity.
The implication of both problems is an inability to distinguish segregation patterns -both the detailed patterns within spatial units due to MAUP, and the overall pattern across them due to the checkerboard problem. Several approaches have been proposed to address these concerns, including comparing results for different levels of geography and integrating spatial proximity and geographic scale into the measurement of segregation.
Comparing Nested Levels of Geography
MAUP, and resulting edge effects, can be resolved by using data for socially meaningful geographic units or individual locations (e.g. address-level data about individual residences). However, population data are typically only available for larger administrative units, such as census tracts.
4 Strategies to mitigate the effects of MAUP include estimating smooth population densities and measuring segregation at multiple geographic scales.
Smoothing procedures reduce edge effects by minimizing the influence of arbitrary boundaries. Several techniques have been developed to reduce sharp differences in the population counts or composition of adjacent spatial units (for examples, see Mennis 2003; O'Sullivan and Wong 2007; Tobler 1979) . They estimate new population densities for the study area, while also retaining important characteristics of the original distribution. Such techniques are challenging to implement and differ in terms of which distinctions are retained and how they preserve the structure. To analyze the geographic scale of segregation patterns, a popular strategy is to compare results for increasingly larger geographic units. Studies have used nested levels of geography, such as census tracts nested in municipalities within a metropolitan area, to compare the segregation occurring at each level (Farrell 2008; Fischer 2008; Fischer et al. 2004; Hipp 2007; Lichter, Parisi, and Taquino 2012; Parisi, Lichter, and Taquino 2011) .
Identifying Neighbors
A popular approach for addressing the checkerboard problem is to integrate information about the relative proximity of neighborhoods into the measurement of segregation. Operationalizing proximity typically requires identifying contiguous neighborhoods. Before GIS data were readily available, this was a labor intensive task that involved visually analyzing print maps (Massey and Denton 1988) . Another option is to calculate the distance between a central point in every neighborhood. This approximates contiguity by defining proximity as an inverse function of distance (White 1983 ).
There are several spatial measures that incorporate information about proximity (for a review, see Reardon and O'Sullivan 2004) . A contribution from nearby areas is typically included in each neighborhood's population, and a proximity function weights the relative contribution of distant versus nearby tracts. A uniform (or rectangular) proximity function weights distant tracts equally to nearby tracts (for examples, see Jargowsky and Kim 2005; Wu and Sui 2001) . A distance-decay function weighs nearby tracts more heavily than distant tracts. The rate of decay ideally represents the influence of distance on social interaction patterns (White 1983) .
Designing Spatial Methods
Recent work by Reardon and colleagues (Lee et al. 2008; Reardon et al. 2009 Reardon et al. , 2008 combines the two previous approaches into a unified framework. They superimpose a grid of 50 by 50 meter cells over all census blocks in a metropolitan area. They estimate the population count and density for each group in each cell. They use Tobler's (1979) pycnophylactic ("mass preserving") smoothing technique to reduce sharp differences in the population of adjacent cells that lie along the boundary of a block.
They construct local environments, or "egocentric neighborhoods", around each of the grid cells, and systematically vary their size using radii of 0.5, 1, 2, and 4 kilometers (0.3, 0.6, 1.2, and 2.5 miles).
5 They uses the straight line distance between all cells, and measure proximity with a distance-decay function: a two-dimensional biweight kernel proximity function. Their proximity function is bounded by the radius of local environments, and areas beyond that distance receive a weight of 0.
6 They measure segregation separately for each local environment size and analyze the geographic scale of segregation patterns. This approach allows them to distinguish between the geographic and methodological scale of segregation (Reardon et al. 2008 ) -between the scale at which segregation is experienced in social environments and the level of aggregation in the data.
Problems Remain
Recent work to integrate spatial proximity and geographic scale into the measurement of segregation marks a large step forward for segregation research, but a notable limitation remains: current approaches lack a realistic measure of distance. The measurement of distance lays the foundation for spatial methods. It operationalizes the concept of spatial proximity and defines the units for evaluating geographic scale.
Existing approaches rely on abstract measures of distance, such identifying adjacent neighborhoods or measuring the straight line distance between them. Operationalizing proximity in this way ignores the topology of cities and masks the local structure of segregation patterns. Abstract measures can not detect the way that physical boundaries -such as rivers, highways, parks, and train tracks -facilitate separation between nearby populations and structure the spatial pattern of segregation.
There are prominent examples of physical boundaries that have created or reinforced racial and ethnic separation, including the construction of interstate highways through U.S. cities in the mid-twentieth century, which disconnected areas on opposite sides of the highways.
Spatial boundaries can create both physical and social distance between groups, as exemplified by the common metaphor, "the other side of the tracks." In some cities, municipal boundaries occupy this dual role of marking a distinct geographic and social space. For example, in Detroit, MI, there is a stark difference between the population composition of the city and the surrounding areas. Along the north edge of the city, 8 Mile Road is a sharp dividing line between the city and its suburbs.
The issue of how distance is measured and the role of spatial boundaries in structuring segregation patterns have received scant attention in quantitative segregation scholarship. I am particularly interested in three types of boundaries that are fundamental to our understanding of segregation: physical, and municipal, and symbolic boundaries.
Physical Boundaries
Physical boundaries obstruct or reduce the connectivity between locations. They create excess distance between the locations on either side of the boundary. Physical boundaries are material structures. They include features of the natural and built environment, such as rivers, parks, highways, and train tracks. A city's street design can create physical boundaries. The presence of dead end streets and cul-de-sacs prevents through movement, whereas a regular street grid with diagonal avenues provides greater connectivity between locations.
The Dan Ryan Expressway in Chicago's South Side is a classic example of a physical boundary. It was constructed in the 1960's and became a physical boundary that separated the white and black residents on either side of the highway. Abstract measures of distance, like straight line distance, represent the nearness of the communities, but not their disconnection. Their distance apart is captured as the width of the highwaythe same as if the highway was never constructed. A realistic measure of distance, such as road distance, identifies the highway as a source of separation. It more accurately represents the distance between the communities as it is locally experienced. The highway is a physical boundary that divides the communitiesit facilitates racial segregation, not integration. Grannis (1998) studied racial settlement patterns in Los Angeles and San Francisco and found that "segregated networks of neighborly relations emerge from segregated networks of residential streets" (p.1530). He showed that connectivity along small, residential streets was more important than geographic proximity in predicting racial segregation patterns.
Municipal Boundaries
Municipal boundaries define the geographic borders of political or governmental entities. Examples include the borders of towns, cities, states, congressional districts, land use zones, and economic development areas. Municipal boundaries derive power from their institutional status. They confer certain rights and privileges to the residents living within them, and there can be stark differences between the resources and services available to residents on either side of the boundary. Municipal boundaries have social meaning, and are therefore less susceptible to the modifiable areal unit problem (Reardon and O'Sullivan 2004) .
School districts and school attendance areas are prime examples of municipal boundaries. Bischoff (2008) argues that they can be thought of as discrete, socially meaningful units. "Proximity alone has no consequences for access to resources. A household must be within the defined political boundaries to gain the right to use the resources; being close is not enough" (p.195).
Several recent studies have examined the geographic scale of residential sorting by comparing segregation within and between places, school districts, or political units (Bischoff 2008; Farrell 2008; Fischer 2008; Fischer et al. 2004; Hipp 2007; Lichter et al. 2012; Parisi et al. 2011; Reardon and Bischoff 2011) . Their findings demonstrate the salience of municipal boundaries for emergent segregation patterns. Fischer et al. (2004) explain that over the course of the twentieth century the geographic basis of segregation patterns has shifted from regions to neighborhoods to the city-suburb line and municipalities.
Symbolic Boundaries
Symbolic boundaries are geographic markers that represent or reinforce of social divisions. They derive power from residents' shared understanding of their meaning. Examples include gang turf, the boundaries of racial or ethnic enclaves, and neighborhoods. For example, Anderson (1990) describes "the edge," an informal boundary separating two communities in Eastern City. In the Village, residents tend to be middle-and upper-income whites, while residents of Northton are predominantly working-class and poor blacks. The edge marks a social division and creates spatial separation. The groups reside in the same area of the city, but on opposite sides of Bellwether Street.
Symbolic boundaries structure the geographic scale of segregation patterns. In cities with high macro-scale segregation, symbolic boundaries divide large, racially or socioeconomically homogenous areas. There are relatively few boundaries, because there are few areas to delineate. In cities with high micro-scale segregation there are many small racial or socioeconomic enclaves. Symbolic boundaries run throughout the city defining and dividing the enclaves.
Logan and colleagues (Logan and Zhang 2004; Logan et al. 2011; Spielman and Logan 2013) have developed methods for identifying neighborhood boundaries using detailed population data about residential locations. They conceptualize neighborhoods as "categorizations of urban space defined by both characteristics of individuals (or residential units) and their spatial context," and boundaries as "sharp edges or larger zones of transition" (Spielman and Logan 2013:81) . Their approach reveals patterns in the social structure of several late nineteenth century cities.
The three types of spatial boundaries -physical, municipal, and symbolic -are not mutually exclusive. A boundary can span more than one category, as with the Anacostia River in Washington, DC. The community "east of the river" has a predominantly black population and has been stigmatized as an area of low incomes and high crime. The river, as well as a highway, separates the community from their comparatively white and wealthy neighbors to the north in the Capitol Hill neighborhood. The river marks a symbolic boundary and imposes physical distance between the Anacostia neighborhood and the rest of the city.
A New Approach for Measuring Spatial Segregation
I propose a new method for studying segregation. It builds on recently developed spatial approaches, and incorporates a distance measure that reflects the unique topology of each city. It addresses the perennial problems in segregation measurement -the checkerboard problem and MAUP -as well as the new problems concerning spatial boundaries and the measurement of distance.
Data
To measure segregation in U.S. cities, I use population data from the 2010 decennial census (U.S. Census Bureau 2011), and the corresponding geographic information for blocks, roads, and municipalities (U.S. Census Bureau 2012) .
7 Most studies of residential segregation use population data aggregated at the level of census tracts. Tracts have an average population of 4,000 individuals and are intended to approximate neighborhoods. Census blocks are nested within tracts and are the smallest unit of census geography for which data are publicly available. In urban areas, most blocks resemble a typical city block. I use data for blocks to capture more nuance in the spatial topology of cities and the structure of segregation patterns.
I created a set of stylized cities that represent observed patterns of racial segregation in U.S. cities. They are calibrated to approximate the population and census geography of real cities, and some include physical or municipal boundaries. Each city has a population of 500,000 people. For simplicity, the population includes only two race groups -white and black. The cities contain 100 tracts, each with a population of 5,000 people. Each tract contains 25 blocks, with an equal population count of 200 people. Blocks are bounded by streets. The length of each side of a block, and each of the streets segments surrounding it, is 250 meters (0.16 miles). 
Measuring Distance & Proximity
In contrast to previous approaches that either ignore spatial proximity or use abstract distance, I developed a measure of distance that reflects the unique topology of each city. I measure the distance between residential locations along a city's road network. Road distance captures both the connectivity of roads and the physical boundaries that promote separation in a city, such as a river with a limited number of bridge crossings. Using road distance to measure segregation requires identifying or estimating a road location for the city's residents, and then measuring the shortest route between all locations.
For each block, I identify the roads within or along the boundary of the block and their intersections. I disaggregate the population of each block by distributing individuals to specific locations -the block's intersections. To do this, I first assign individuals to one of the roads in their block, with probability of assignment equal to the length of the road segment. Next, I randomly assign individuals to one of the endpoints of their assigned road segment.
Disaggregating the block populations has the benefit of reducing the "edge effects" associated with census boundaries. The road locations are not exclusive to a single block. If adjacent blocks share a common road, the populations from each block are likely to share one or more locations. This smoothes the distribution of the population and avoids sharp discontinuities along the boundaries of census blocks and tracts.
I measure the shortest route between all locations by reimagining the city's roads as a network. I construct a graph with the intersection locations as vertices and the road segments as edges. It is an undirected graph, meaning that the if vertex A is connected to vertex B, then vertex B is also connected to vertex A. I weight the edges of the graph using the lengths of road segments. Therefore, the weight of the edge connecting vertex A and B represents the road distance between them. I use the graph to calculate the shortest distance between all locations along the road network.
9 Road distance captures both the connectivity of roads, and the separation or excess distance created by physical boundaries. For comparison, I also measure the straight line distance between all locations.
I collect information about the composition of local environments around each location. I use a biweight proximity function to weight the relative influence of the distant vs. nearby populations in each location's local environment.
10 I systematically vary the reach of local environments 11 using distances ranging from 0 to 10 kilometers (6.2 miles). I measure segregation separately for each reach of the local environments. Local environments at the low end of the range are the size of city blocks and neighborhoods. Local environments with a reach of 10 kilometers encompass a substantial portion of all but the largest U.S. cities. [ Fig. 2 about here.] I calculate segregation using each measure of distance -road distance and straight line distance. Comparing the results reveals the impact of street design and connectivity on segregation. If physical boundaries structure segregation patterns, then there will be a difference between the two sets of results.
The Extent of Local Environments
I collect information about two types of local environments: 1) truncated local environments that are limited to areas within the city, and 2) extended local environments that can reach into areas outside the city and incorporate nearby populations. I measure segregation using both versions of local environments to evaluate the salience of city boundaries for residential segregation. If the city boundary structures segregation patterns, then there will be a difference between the two sets of results.
The first type of local environments are constrained by the city boundary. As their reach increases, any local environments that would extend into surrounding areas are truncated at the city boundary. Using truncated local environments may introduce edge effects that distort the measured level of segregation in the vicinity of the city boundary, particularly if the population composition differs on either side of the boundary.
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Reardon and colleagues (Lee et al. 2008; Reardon and Bischoff 2011; Reardon et al. 2009 Reardon et al. , 2008 use truncated local environments in their research on residential segregation in U.S. metropolitan areas. They discuss the potential for truncated local environments to introduce bias, and conclude that there is little impact, if any, on their results (Lee et al. 2008; Reardon et al. 2009 Reardon et al. , 2008 . However, they list three conditions under which measurable differences could arise:
1. if areas outside the region have substantially different group proportions than nearby areas within the region, and 2. if areas outside the region have a reasonably dense population or 3. if the spatial radius of local environments is large relative to the size of the region.
If the first and either of the later two conditions are met, then edge effects could distort the measured level of segregation. They conclude that these conditions are extremely unlikely in metropolitan areas, and find nearly identical results when segregation is measured with and without truncated environments for a subset of cases. Although their evaluation is reasonable for the metropolitan areas they study, the conditions are frequently satisfied when studying cities:
1. It is common for cities to have a larger non-white population than surrounding areas, and 2. for surrounding areas to have substantial population density relative to the city. 3. Although cities vary in geographic size, a reach of 10 kilometers (6.2 mile) in each direction from a central location would cover a substantial portion of all but the largest U.S. cities.
In addition to using truncated local environments, I also measure segregation for extended local environments, which can reach into areas outside the city and incorporate nearby populations. Using extended local environments, has the largest impact on locations near the city boundary. Their local environments grow at a comparable rate to more central locations as the reach increases, which does not occur if their environments are truncated. Also, local environments near the city boundary will include a higher proportion of the population from surrounding areas as their reach increases, compared to more central locations.
In some cities, the population composition within the city differs from the population in surrounding areas. For example, this is the case in the Detroit, MI, where more than 80 percent of the population is black and the surrounding areas are predominantly white. In contrast, this does not occur to the same degree in St. Louis, MO, which has a prominent north-south racial divide that persists across the city boundary. Measuring segregation using both truncated and extended local environments allows me to compare results and evaluate how salient the city boundary is in structuring patterns of residential segregation.
Measuring Segregation with the Divergence Index
I use the Divergence Index (Roberto 2015) to measure segregation for each location and the city as a whole. The Divergence Index measures how surprising the composition of local environments, given the overall population composition of a city. Local values of the divergence index will reach their maximum value when the city's minority group is 100% of the local population. The divergence index equals 0 -its minimum value -when there is no difference between the composition of the local population and the overall population.
The divergence index for location i is:
where π m is group m's proportion of the overall population, andπ im is group m's proportion of the proximity weighted population in the local environment of location i. I use the aggregate population of all local environments as the overall population in calculating segregation. For truncated local environments, this includes the city population. For extended local environments, this includes the city population as well as any individuals outside the city who are included in the local environment of any city resident. The aggregate population will grow as the reach of extended local environments increases.
I use a biweight proximity function to weight the relative influence of nearby and more distant locations (Reardon et al. 2008; White 1983 ). I calculateπ im as:
where φ(i, j) is the biweight proximity function:
where d(i, j) is the distance between points i and j, and where r is the reach of local environments.
The city's overall segregation is a weighted mean of the divergence index for all locations, weighted by the population count of each location. It is calculated as:
where T is the overall population count, and τ i is the population count in location i. If all local environments have the same composition as the overall population, then D equals 0, indicating no segregation. More divergence between overall and local proportions indicates more segregation.
Although I use the Divergence Index to measure segregation, the method I have developed can be applied using a spatial formulation of any segregation index, such as the dissimilarity index, the exposure/isolation index, or the information theory index (see Reardon and O'Sullivan 2004 for the spatial formulations of these and other popular indexes).
13

Racial Segregation in Stylized Cities
To compare different approaches, I use a series of stylized cities that represent observed patterns of racial segregation in U.S. cities. I measure segregation using aspatial and spatial methods, and compare the geographic scale of segregation across cities, which suggests differences in the prevalence of symbolic boundaries in each city. I calculate segregation using straight line and road distance to reveal the impact of physical boundaries on local and overall levels of segregation. Finally, I compare using truncated and extended local environments to evaluate the salience of municipal boundaries in structuring the pattern of segregation.
Spatial and Aspatial Methods
If every block in a city has the same racial composition as the city as a whole, both spatial and aspatial results show the same results -the city is not segregated. This is the only scenario for which both approaches show the same result, and it is consistent regardless of the proportions of each race. If the composition of local area differs compared to the city, then aspatial and spatial approaches reveal different results.
Cities 1 and 2 in Fig. 3 contrast two spatial patterns of segregation. In each city, the race groups are spatially clustered, but the geographic scale of the clustering varies. The maps show the racial composition of blocks in each city. The thin black lines indicate the borders of blocks, and the thick black lines indicate the borders of tracts. The color used to fill the blocks indicates the percent black, with darker colors indicating a higher percent. In both cities, the population of each block and tract is monoracial. City 1 (Fig. 3a) is divided in half, with two large monoracial clusters. In City 2 (Fig. 3b) , the tracts are arranged in a checkerboard pattern, which puts groups into closer proximity than in City 1.
[ Fig. 3 
about here.]
Both cities have the same aspatial segregation results for tracts and blocks -maximum segregation. The different arrangement of tracts in Cities 1 and 2 is not reflected the aspatial results. This is consistent with the checkerboard problem discussed earlier. On the other hand, the spatial results show that the geographic scale of segregation differs in the cities.
Results for City 1 in Fig. 4 indicate a macro-scale pattern of segregation. Segregation shows gradual decreases as local environments increase in size, indicating that the population composition of larger areas is only slightly more representative of the city's diverse population than smaller areas. These results fit with the pattern of spatial clustering evident in the map of City 1.
[ Fig. 4 
City 2 has a more micro-scale pattern of segregation, occurring in smaller geographic areas, than in City 1. Segregation is quite high for small local environments, but there is a steep decrease in segregation as the reach of environments increases up to about 2km (see Fig. 4 ). When reach the local environments exceeds the size of the tract, their population composition quickly becomes a microcosm of the city's diverse population.
In City 3 (Fig. 5a) , the blocks are arranged into small (2x2) monoracial clusters. The block populations are monoracial, but each tract contains multiple block clusters. As a result, when blocks are aggregated into 13 In the appendix, I provide a parallel results for the stylized cities using additional segregation indexes. tracts, they have the same composition as the overall city (Fig. 5b) . This is consistent with the modifiable areal unit problem discussed earlier. The structured pattern of segregation at the block-level is completely masked when they are aggregated into tracts. The aspatial results indicate maximum segregation at the block-level and no segregation for the tracts. In contrast, spatial results reveal a pattern of micro-scale segregation in the city (see Fig. 4 ). There is a lower level of segregation in City 3 compared to the other cities, though the shape of results is similar to City 2, which also had a micro-scale pattern of segregation.
[ Fig. 5 
Straight Line and Road Distance
Next, I compare measuring segregation using straight line and road distance. I use City 1 (Fig. 3a) as the starting point, which has two large monoracial clusters and high macro-scale segregation. I introduce different types of physical boundaries to evaluate their impact on local and overall levels of segregation. Recall that to measure the distance between locations, I need to disaggregate the block populations and assign them to locations on roads (i.e. intersections). Figure 6 shows the result of this step of the method -the racial composition of each intersection. With no boundaries present, the distance measures show similar results (See Fig. 7) . Results for straight line distance show slightly less segregation, and the difference grows as the reach of local environments increases. The distance between locations along the road network is longer than the the length of a straight line connecting the locations. Given the same reach, local environments are larger when measured with straight line distance than road distance. They encompass a larger area of the city and include more of the city's population, which makes their composition more representative of the city as a whole.
The difference between the two sets of results reveals the effect of street design. If the simple street grid was amended to include streets running diagonally through each block, local environments created with either distance measure would include the same set of locations, and segregation results would be identical. More realistically, in cities with avenues that periodically cross diagonally through a grid of streets, as in Washington, DC, the straight line and road distance between two locations is more similar than it is in cities with a standard grid street plan, as in Midtown Manhattan. The presence of dead end streets and cul-de-sacs has the opposite effect. They prevent through movement and reduce connectivity, and increase the difference between straight line and road distance measures.
In Fig. 8b , a boundary divides the north and south sides of the city. The boundary fully disconnects the city's two large clusters. As a consequence, local environments do not include areas on the opposite side of the boundary. Segregation measured with road distance remains at its maximum value, even as the reach of local environments increases (see Fig. 7a ). Road distance is sensitive to the disconnection imposed by the boundary, but straight line distance is not. Segregation results for straight line distance are unchanged by the presence of a boundary. There is maximum segregation in the immediate area of each location, but the segregation tapers off as the reach of local environments increases. Segregation measured with straight line distance is the same across all four cities. The effect of the boundaries is only evident when measuring segregation with road distance. Figure 7b shows the difference between segregation measured with straight line distance versus road distance for each of the four boundary types.
The full boundary in Fig. 8b is an extreme case that is rarely observed at the city level. However, Figs. 8c and 8d show the effect of more realistic partial boundaries. The boundary in Fig. 8c spans half the city. This creates excess distance between locations on either side of the boundary, but no locations are fully disconnected from the rest of the city. Similarly, in Fig. 8d there is a segmented boundary that creates excess distance, but maintains connectivity, similar to a river with bridges every couple kilometers.
A segmented boundary results in higher segregation compared to a city with no boundary. Segregation decreases slowly as local environments increase to a reach of 3 kilometers, and then shows a steeper rate of decline beyond that distance. (See Fig. 7a ) The difference narrows by 10 kilometers, nearly converging with the segregation level for a city with no boundary.
With a boundary that spans half the city's width, segregation decreases as the reach of local environments increases. The rate of change is steady, but more gradual than for a city with no boundary, and the difference compared the two sets of results grows as the reach of local environments increases (see Fig. 7a ). This is the opposite trend observed for the city with a segmented boundary.
The boundaries in Figs. 8c and 8d both create excess distance between locations, but do not fully disconnect the two halves of the city. The reason the results differ is that the boundaries constrain connectivity in different ways. The total length of the segmented boundary in Fig. 8d is greater than the boundary that spans half the city in Fig. 8c . However, the segmented boundary is more permeable, allowing connectivity between the two halves of the city at regular intervals.
The segmented boundary causes higher segregation in local environments with a reach of less than 3 kilometers, compared to the half boundary. At greater distances, the segmented boundary is less relevantthe excess distance it creates is dwarfed by the reach of local environments. However, the half boundary continues to constrain the local environments of much of the city's population. The difference is evident in Fig. 9 , which maps the segregation by boundary type for local environments with a reach of 10 kilometers.
Truncated and Extended Local Environments
The segregation patterns shown thus far have only included the city's population. Next, I analyze how surrounding areas impact the dynamics of city segregation by comparing results for local environments that are truncated at the city boundary and those that extend into nearby areas. It is common for the racial composition of U.S. cities to differ from their surrounding suburbs (Farrell 2008; Fischer 2008 ). Detroit, MI shows one of the most pronounced examples of this. Although a large majority of city residents are black, the metro area and state are predominantly white.
The map of Detroit in Fig. 10b demonstrates the stark difference between the population composition of the city and the surrounding areas. Along the north edge of the city, 8 Mile Road is a sharp dividing line between the city and its suburbs. In the map, darker colors indicate that a higher proportion of the population are black. The thick black line represents the city boundary and the thin black lines are the borders of tracts. The stylized pattern in City 4 (Fig. 10a) mimics the spatial dynamics found in Detroit. The population composition in the city (0.1 white, 0.9 black) is the inverse of the surrounding areas (0.9 white, 0.1 black).
[ Fig. 10 about here.] Segregation is calculated as the difference between the composition of each local environment and the aggregate population of all local environments. When local environments are truncated at the city boundary, the aggregate population is constant -it is the city population. When they extend outside the city, the aggregate population grows as the reach of local environments increases. The aggregate population includes the city population, plus any population outside the city who are included in the local environment of a city resident. Allowing local environments to extend outside the city has the largest impact on locations near the city boundary. Their local environments include a higher proportion of the population from surrounding areas, especially as the reach increases. If the city boundary does not structure segregation patterns, then we should see no effect of using extended rather than truncated local environments. The local environments will include more population as they extend outside the city, but not a different composition.
When local environments are truncated at the city boundary, segregation is always a non-increasing function of scale (Reardon et al. 2008 ). As they grow in size, local environments incorporate more and more of the city's population and, on average, they become more representative of the city's composition. However, this is not necessarily the case when local environments extend outside the city.
When local environments extend outside the city, segregation can be an increasing function of scale. In Fig. 11a , we can see that segregation increases as the reach of local environments grows and they begin to incorporate more population outside the city. There is a steady increase in segregation as the reach of local environments grows to about 6km. Local environments continue to incorporate more population outside the city beyond a reach of 6km, but they are better able to keep up with changes in the aggregate population because of their larger size. Figure 11a compares segregation results for City 4 using both types of local environments. Using extended local environments has a large impact on segregation results, as we would expect from the map of City 4 in Fig. 10a . These results mimics the segregation dynamics in Detroit. Figure 11b compares white-black segregation in Detroit for truncated and extended local environments. For both types, segregation is initially quite low and decreases with small increases in the reach of environments. There is little divergence between the composition of local environments and the overall population.
If local environments are truncated at the city boundary, segregation continues to gradually decreases as the reach of local environments increases. As the reach of local environments expands to 10 km, they incorporate much of the city's population and are a microcosm of the city's population. Using extended local environments, there is the same initial decline in segregation over short distances, but beyond a reach of about 0.5 kilometers there is a different trend.
The aggregate population of local environments changes dramatically as the reach of local environments extends outside the city -the population becomes increasingly white. Only the local environments of residents near the city boundary keep pace with this change. On the whole, as the reach of local environments expands beyond 0.5 km, their composition increasingly differs from the aggregation population. This divergence is represented as higher levels of segregation.
Comparing segregation results for local environments that are truncated at the city boundary and those that extend outside the city reveals the impact of surrounding areas on city segregation. In City 4, as in Detroit, there is a the large differences between the two sets of results, which provides evidence that the city boundary structures the pattern of segregation that we observed in the stylized city and its empirical referent.
Conclusion
I have introduced a new method that integrates features of a city's spatial context into the measurement of residential segregation. It overcomes the limitations of previous approaches, and captures the spatial relationships and structured patterns that we intuitively recognize as segregation. My approach better accounts for the localized experience of segregation and captures the way spatial boundaries structure segregation patterns.
It is possible to extend the new method in a number of interesting ways. For example, one could analyze the relationship between segregation and population density, rather than the reach of local environments. This would standardize results across areas with different population densities. Further, the methodological framework accommodates alternative ways of measuring distance. For instance, road distance can be replaced by transit distance or the travel time between locations.
I demonstrated the contribution of this method using a series of stylized cities with different spatial patterns of segregation. Comparing results for aspatial and spatial measures showed that cities that have the same level of segregation, measured aspatially, are revealed to be quite different when measured spatially. Spatial measures reveal not just the level of segregation, but also the geographic scale of segregation. They allow for comparisons across cities with micro-and macro-scale segregation patterns. I also compared segregation results for each measure of distance -road distance and straight line distance. Differences between the results reveal the impact of physical boundaries and connectivity on segregation. The boundaries introduced in City 1 had a large impact on city segregation and the spatial pattern of local segregation.
Finally, I compared segregation results using local environments that are truncated at city boundaries, and those that extend outside the city to examine if municipal boundaries structure local and overall patterns of segregation. If the population composition of the city differs from the surrounding areas, as in City 4, using extended local environments reveals the salience of the city boundary in structuring segregation patterns. In fact, as we saw in both City 4 and in the analysis of segregation in Detroit, segregation can increase as the reach of local environments increases, rather always being a non-increasing function of scale. Each of these comparisons deals with a different type of boundary: the boundaries of blocks and tracts, the presence of physical boundaries, and municipal boundaries. Evaluating the impact of each of these boundaries leads to a deeper understanding of the spatial context of segregation.
Spatial boundaries are a core feature of a city's social and spatial organization. They both shape and are shaped by segregation patterns. A long history of ethnographic community studies provides insight on the role of boundaries in community formation and social interaction (e.g. Anderson 1990; Pattillo 2007; Suttles 1968 , Zorbaugh (1929 ). With this new method and measure of segregation, I seek to bridge this qualitative insight and the quantitative measurement of segregation.
It is critical that we have methods to measure the impact of spatial boundaries and follow their change over time if we are to better understand the persistence of segregation in cities. The new method I have developed advances our knowledge of the local context of segregation. With an emphasis on spatial boundaries, it reframes our understanding of segregated environments. It opens up new avenues of research on how and why segregation matters for individual and community outcomes. 
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